S
ocial functioning deficits are a core component of autism spectrum disorder (ASD) with substantial challenges found in empathy 1 and theory of mind 2 (the ability to infer feelings, mental states, and/or intentions of others). These deficits represent a quality-of-life concern not only for individuals with an ASD, but also for their families and loved ones.
Although the diagnostic term "autism spectrum disorder" currently makes no distinction regarding where an individual with ASD may present along the spectrum in terms of severity, 3 conceptualization of a wide range of differing severities of ASD exists, 4 including for individuals with ASD who may be considered "high functioning" with average or above-average intelligence. 5 A recent report by the Centers for Disease Control and Prevention estimates as many as 46% of individuals with ASD have average or aboveaverage intelligence. 6 High-functioning individuals with ASD are not typically associated with the severe deficits in verbal communication and behavioral regulation found in "low-functioning" ASD. 7 However, high-functioning individuals with ASD are specifically associated with significant psychiatric comorbidities of mood disorders, such as depression (53%), anxiety (50%), attention-deficit/ hyperactivity disorder (43%), obsessive-compulsive disorder (24%), chronic tic disorders (20%), and substance-related disorders (16%). 5 In addition, high-functioning adults with ASD display low levels of attainment for meaningful relationships, 5 as well as substantial levels of underemployment, often despite high levels of intelligence and/or education. 8 The cornerstone for treatment of social deficits in ASD has been behavioral analysis therapy. 9 Although this is a well-validated treatment method, it is extremely time and labor intensive, highlighting the need for more accessible, efficient, and effective treatments for ASD. A promising treatment modality to address this therapeutic gap is transcranial direct current stimulation (tDCS). Transcranial direct current stimulation is a lightweight, inexpensive, noninvasive, and safe method of brain stimulation that delivers weak electrical current to the brain using electrodes positioned on the scalp. 10, 11 It has been shown repeatedly to increase cortical excitability and brain activity underneath the anode electrode and reduce cortical excitability and brain activity under the cathode electrode.
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The right temporoparietal junction (rTPJ) is identified as playing a critical role in social functioning. 12 Functional neuroimaging demonstrates that the rTPJ is specifically associated with deficits in social functioning in individuals with ASD. 2 In addition, anodal tDCS targeting the rTPJ shows improved social functioning in healthy individuals on imitation tasks requiring evaluation of self against others and on perspective-taking tasks. 13 No current studies have investigated rTPJ tDCS in individuals with an ASD. When considering that tDCS has demonstrated an increased effectiveness in individuals with less symptom severity of other disorders, such as depression 14, 15 and aphasia, 16 there is indication that tDCS may be particularly well suited for use with high-functioning individuals displaying less severe traits of ASD. Thus, we present a case of a young, high-functioning adult with an ASD successfully treated with tDCS to the rTPJ to illustrate its potential in improving social functioning.
MATERIALS AND METHODS
Mr S. is a right-handed, 18-year-old man who was diagnosed as having high-functioning autism at age 5 years, confirmed by an Autism Quotient score 17 of 33 and a Shipley-2 score 18 of 85. The Autism Quotient is a reliable instrument that measures the degree adults with normal intelligence display social/behavioral traits associated with ASD, 19, 20 and the Shipley-2 is a standardized measure that provides an overall estimate of cognitive ability. Mr S. lives at home with his parents and siblings, none of whom are diagnosed as having an ASD. He has no other medical conditions and was taking no medications at the time of the study. From ages 5 to 13 years, Mr S. received various interventions privately and at mainstream public schools under an individualized education program, including Applied Behavior Analysis, Relationship Development Intervention, speech-language pathology services, and occupational therapy services. These therapies were reported as being successful in improving Mr S.'s behavior and social functioning, but by adolescence, he was no longer responding to these interventions. This, coupled with the pressures of starting high school, increased Mr S.'s level of social difficulty, impacting his overall performance at school. His parent also specifically reports increased difficulty for understanding the motivations of others and understanding the rules of conversation (ie, engaging in frequent interruptions, not maintaining the topic of conversation). These difficulties leave Mr S. feeling socially disappointed, commonly leading to feelings of anger and frustration. During high school, Mr S. also began to suffer from depression and anxiety, including suicide ideation, which is consistent with many individuals with high-functioning ASD. 5 His parents sought help for Mr S. through private psychotherapy, but met with limited success. His nonresponsiveness to therapies in high school was a concern to him and to his parents as he was approaching adulthood. This concern, as well as a desire to avoid the use of medications, led them to seek out alternative treatments. Through this process, they found out about our team's tDCS research from a posting on a national autism Web site and contacted us.
Because Mr S. reported a history of depression and anxiety, 3 measures were utilized to confirm that these conditions were not clinically manifest prior to administration of tDCS: (1) 9-item Patient Health Questionnaire (score of 0), (2) the PTSD ChecklistCivilian (score of 20), and (3) the Neurobehavioral Symptom Inventory (score of 0). Transcranial direct current stimulation was delivered using an ActivaTek Activadose II (Salt Lake City, Utah) iontophoresis device with 25-cm 2 sponge electrodes saturated with electrolyte gel (for improved sensation tolerance). The anode was placed at the rTPJ (CP6 in the 10/10 electroencephalogram system). The cathode was placed on the ipsilateral deltoid, with the intention of pulling the current down through the right hemisphere of the brain, thus attempting to avoid deep brain structures. Current was delivered at 1.5 mA for 30 minutes once per day for a total of 8 sessions over 8 days. An initial current target of 2.0 mA was revised to 1.5 mA after the first session when Mr S. reported excessive sensations during stimulation.
Mr S. watched short videos that modeled social behavior 10 during the first 2 sessions of stimulation. For the remaining 6 sessions, he engaged in intermittent casual conversations with a psychiatrist. Stimulation was well tolerated by Mr S. once current levels were adjusted for comfort, with only mild adverse effects including redness at the electrode sites and ongoing tingling sensations down his right arm during stimulation.
RESULTS
Parent-reported measures before, during, and after tDCS treatment showed improvement in social functioning, as well as lessened feelings of anger and frustration over social disappointments.
Parent-reported symptoms were assessed using the Autism Treatment Evaluation Checklist (ATEC), a validated rating instrument for tracking changes in ASD symptoms over time 21 that has also been used in previous tDCS ASD studies. 22, 23 The ATEC allows ratings on a total of 77 different items, categorized into 4 broad areas: (1) speech/language/communication, (2) sociability, (3) sensory/cognitive awareness, and (4) health/physical/behavior. Ratings from all items were then calculated to provide subscale and total scores, with higher scores associated with higher levels of ASD symptoms. Mr S.'s parent completed the ATEC prior to start of tDCS, after the final session of tDCS, and 2 months later at follow-up. Scores showed a lessening of ASD symptoms over time. Scores from each time point are presented in Table 1 .
During the time frame that Mr S. received tDCS, he and his parent reported an increased interest in social interactions, including engaging in spontaneous, on-topic conversations with sales people while shopping, an activity Mr S. was not previously prone to doing. The parent also reported that Mr S. seemed generally more aware of others' feelings and perspectives and had made improvements with topic maintenance and reducing interruptions during conversations. In addition, 1 parent reported at 2-month follow-up that Mr S. had continued improvements with no signs of regression despite starting fall classes. It was also reported that Mr S. experienced lessened episodes of anger and frustration over social disappointments, citing as evidence Mr S.'s optimistic response after finding out a classmate could not attend a school dance with him, something that previously would have caused intense feelings of anger and frustration. At informal follow-up 1 year after stimulation, parent report is that Mr S. is in a job training program and continues to maintain many of the improvements first seen after stimulation sessions, such as considering others' viewpoints and listening and empathizing during conversations, but that he still faces difficulties with maintaining friendships.
DISCUSSION
This is the first case reporting use of anodal tDCS to rTPJ to improve social functioning in an individual with an ASD. In addition, this is the first case to utilize an anodal and cathodal ipsilateral electrode placement montage in tDCS with ASD.
The vast majority of intervention-based tDCS and TMS studies in ASD use stimulation to the dorsolateral prefrontal cortex (DLPFC), with a wide range of positive results including decreased levels of irritability, [24] [25] [26] [27] [28] hyperactivity, 25, 26, 29, 30 and repetitive behaviors, [25] [26] [27] 29 as well as interesting findings for increased cardiac vagal control, 25 increased syntax acquisition, 31 minimized responses to irrelevant stimuli, 32 and improved visual discrimination ability. 27 However, studies on tDCS with ASD that specifically examine social functioning are limited, with these few studies finding improvements for broad social domains 22, 23 and social withdrawal 30, 33 after tDCS stimulation to the DLPFC. 0  0  0  0  0  0  Sociability  7  19  1  2  2  5  Sensory  13  39  8  19  0  0  Behavior  22  50  11  16  9  10 The rTPJ is thought to participate in a broad, neural network for social cognition. 34 Specifically, functional neuroimaging studies show the rTPJ plays a critical role in higher-level social cognitive processes, such as empathy and theory of mind, as well as during lower-level social cognitive processes, such as evaluating self against others based on sensory information from the environment. 35 This case supports the rTPJ's role on participant improvements in areas of higher-order social cognitive processes (eg, participant showed increased awareness of others' feelings and perspectives), as well as lower-level social cognitive processes (as seen from ATEC score improvements in sociability and sensory/ cognitive awareness).
In addition, tDCS-induced behavioral and physiological effects may depend on choice of electrode montage. 10, 36 Previous studies on intervention-based tDCS with ASD have focused on electrode placements consisting of anodal or cathodal stimulation to the DLPFC with a second electrode placed contralaterally. 22, 23, 30, 31 In contrast, our case utilizes anodal electrode placement at the rTPJ with the cathodal electrode placed ipsilaterally to pull the current through the right hemisphere of the brain. One possible drawback to this montage may be shunting of the current superficially, potentially causing the participant's tingling sensations in his right arm during stimulation. A future direction for this research might investigate the use of high-definition tDCS utilizing electrode placements that could allow shunting across only the scalp, thus avoiding other parts of the body. 37 This is a report of a single case without control participants for use as a comparison. Thus, we are unable to eliminate the possibility that the participant may have improved from factors other than brain stimulation, such as maturation. However, studies have demonstrated that core social impairments of ASD persist over one's lifetime, even in those who are seen to have achieved an optimal outcome. 38 In addition, whereas individuals with ASD might exhibit less overall symptoms as they mature, the consensus in the literature is that most do not achieve optimal outcomes without intervention, 39 suggesting that substantial improvements in social function in individuals with ASD are not typically seen in the absence of intervention, not even in the presence of maturation. Further research is warranted to confirm this case's findings through a randomized controlled trial. In the case of Mr S., his social functioning difficulties increased with the onset of adolescence, suggesting that intervention with tDCS during adolescence may have been beneficial. Although many factors may influence each individual's treatment outcomes, there is evidence that age at intervention optimizes outcomes for methods such as the Applied Behavior Analysis, 40, 41 suggesting it may also be useful to administer tDCS at earlier ages. Of course, this needs to be balanced against a lack of data regarding short-and long-term consequences of direct current stimulation in the developing brain. A child's developing brain may be more easily influenced by tDCS than an adult's, 42, 43 offering optimism for tDCS as an innovative future direction for research to determine its safety and efficacy for children with ASD.
It should also be mentioned that there is evidence that the efficacy of tDCS may be enhanced by engaging in task performance during stimulation. 28 Future studies may find that consistent engagement of individuals with ASD in social training activities, either through videos or interaction with therapists, throughout the stimulation session may enhance the beneficial effects seen following anodal tDCS of rTPJ.
